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Abstract 
In technical applications are often used jets, emerging in the counter. Experimental study of such flows for the plane and 
axisymmetric cases was carried out in [1-5]. In [4] with an approximate integral method and some hypotheses about the nature of 
the course, based on experimental data obtained approximate analytical expressions for the basic characteristics of axisymmetric 
flow within the boundary layer for the case of a>>1, where a - geometric parameter characterizing the ratio of the size of the 
incoming flow and the jet directed toward him. In experimental studies also generally considered the case of large values of a. 
The following research carried out for the plane case for moderate values of a =10÷25, in which the essential straitness jet. 
Calculations were carried out on the basis of time-dependent system of Navier-Stokes equations for turbulent flow, implemented 
using LES turbulence model in the complex ANSYS CFX. On the basis of the conservation laws for an analytical assessment of 
the range of parameters in which there is a solution to the problem, and compared the results of the numerical solution with the 
available experimental data. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the XXV Polish – Russian – Slovak Seminar “Theoretical 
Foundation of Civil Engineering”. 
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1. Introduction 
In technical applications are often used jets, emerging in the counter flow (curtain to cut off the cold air entering 
the premises of buildings, some types of air jet engine combustion chamber, mixing chamber in some chemical 
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technologies and energy units, etc.). Experimental study of such flows for the plane and axisymmetric cases was 
carried out in [1-5]. In [4] with an approximate integral method and some hypotheses about the nature of the course, 
based on experimental data obtained approximate analytical expressions for the basic characteristics of axisymmetric 
flow within the boundary layer for the case of a >> 1, where a - geometric parameter characterizing the ratio of the 
size of the incoming flow and the jet directed toward him. In experimental studies also generally considered the case 
of large values of  a. 
The following research carried out for the plane case for moderate values of a = 10 ÷ 25, in which the essential 
straitness jet. Calculations were carried out on the basis of time-dependent system of Navier-Stokes equations for 
turbulent flow, implemented using LES (large eddy simulation) turbulence model in the complex ANSYS CFX. On 
the basis of the conservation laws for an analytical assessment of the range of parameters in which there is a solution 
to the problem, and compared the results of the numerical solution with the available experimental data. 
2. Statement of the problem.  
The plane turbulent jet flowing from gap with height 2h and cooperating with counter uniform flow of velocity 
U. The solution is sought in the area ={-BxL, -HyH}. Flow diagram is shown in Figure 1. It is assumed that 
the boundaries y=±H are lines of symmetry on which no flow of fluid and the friction and jet is part of a multi-jet 
stream of the periodic system. Let U0 - the average flow velocity of the jet at the outlet of the gap.  
The problem of defining parameters are: 
0
,
U
Ug
h
Ha f  .  
According to the experimental data for all can be divided into three areas (Figure 1.): 1 - the area inside the 
curve y2(x), in which the jet stream keeps the original direction; region jet interaction with counter flow 2, located 
between the curves y2(x)  and y3(x); area undisturbed counter flow 3, is located outside of the curve y3(x). 
Fig. 1. Scheme of the jet, growing in the counter flow. 
The position of the y2(x) curve is determined by the exact solutions of the problem: it is the speed isobath U = 0. 
The y3(x) position is determined approximately, with a given accuracy. The flow in field 3 is considered 
undisturbed in the sense that in each cross section x=const velocity profile is uniform U=U*, and UU. 
Calculations show that a decision in the field is well described by the Bernoulli equation: 
22
22 ff
  UpUp UU           (1) 
Experiments show that the area of the jet stream with a counter flow can be divided into two zones by length. In 
zone 1 the jet is expanded and the pressure therein varies slightly. In the zone 2 and the inhibition of spread of the 
jet, static pressure therein greatly varies. Description flow in zone 2, and, consequently, the overall objective is only 
possible within the full Navier-Stokes equations. 
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3. The system of equations and boundary conditions.  
In this experiment in the stationary formulation we used two-parameter model (k,Z), (k,H), which are 
implemented in a complex ANSYS CFX. Judging from the experiments [1] - [5], the nature of jet is transient, model 
LES was used too (which allows to describe the transient nature of the interaction of the jet with counter flow). In 
solving problem we used irregular grid with grid refinement in the vicinity of large gradients. In this paper we 
present the results of LES model. 
The problem was solved in half the area shown in Figure 1. Setting-out that at the boundaries y=0 and y=a run of 
symmetry conditions. 
When x=L in the incoming flow u=-U, and it was assumed that the turbulent kinetic energy is 5%. 
Since in the left section of the region {x=-B, 1ya} as a possible leakage of air, and the flowing stream by 
suction, in this case for the stationary section asked "soft" boundary conditions. 
It was assumed that in the initial section of the gap x=-B, 0y1 for velocity profile runs a power law [9] with 
maximum value of the speed at the gap axis equal Um. The selected exponent is depending on the Reynolds number 
[9]. For stationary settlement boundary values K0(y) and İ0(y) initial section of the gap x=-B must be defined from 
experimental data or known theoretical estimates for the developed flow in a channel. 
In particular, the equations proposed in [6] were used. 
4. Range of parameters in which there is a solution of the problem.  
The flow diagram shown in Figure 1, can be implemented not for all values of parameters a and g. To implement 
the two natural flow restrictions must be met. The first of these geometric consists in the condition  
axy  )(1 3  (2) 
The second limitation is that to achieve the full flow pressure of the jet should be greater than the total pressure in 
the counter flow 
22
00 22 ff
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Based on these limitations, can be obtained the region of parameters a and g, in which the flow is exists. To do 
this, we can integral conservation laws at the borders of the area and some of the assumptions confirmed by 
experimental data. 
For the planar case the corresponding region in the parameters a and g was obtained in [7,8]. 
 
Fig. 2. Range of parameters in which the solution exists. 
The results of the analysis are shown in Fig. 2. Solution of the problem exists only in the shaded area. The right 
border of this area corresponds to the dynamic constraint (3), and the left - the geometric constraint (2). We 
emphasize that this is an approximate range of parameters. 
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Calculations performed on the complete system of Navier-Stokes equations, showed that the approximate 
evaluation of the existence region of solutions can be used to select the values of the parameters a and g.  
For values of a and g, lying outside this region could not get convergent iterative process. 
5. The results of the calculations and comparison with experimental data.  
In the calculations, we studied the effect of the geometric parameter characterizing the straitness of the jet, and 
the parameter  
0U
Ug f  setting on the flow characteristics. The value of a=10; 25 and g=0.1÷0.8. Correlation of parameters g 
and a chosen so that the point in variables (a, g) will lying in the region of existence of solutions shown in Figs. 2. 
Figures 3 and 4 show the results of calculations of velocity vector fields for the cases a=25 and a=10 (large jet 
straitness) at time t=0.8 sec. 
Suggested that the jet velocity profile in the gap during the time interval from t=0 to t=0.01 sec. varied from u=0 
to the power profile of the channel. The results show that with the decrease of the parameter g increases the 
maximum range of the jet, and region of interaction of the jet and y outer stream increases. This area also increases 
with the increase of straitness (the case of a=10 in Figure 4). 
 
 
 
 
 
Figure 3. The vector velocity field with a = 25 and different values g = 0.2; 0.4; 0.6; 0.8. 
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Figure 4. The vector velocity field with a = 25 (large jet straitness) and different values of g = 0.1; 0.2; 0.4; 0.6. 
In the experiments [1-5] noted that the flow in the interaction region of the jet and the counter has a non-
stationary character: photographing and filming showed that jet long range changes continuously by an average of 5-
8% . Such flow behavior can be explained in terms of the hydrodynamic theory stability, since the boundary 
between the opposing flows is unstable and unsteady vortex structures can occur here. Some of these problems for 
swirling flows considered, for example, in [9,10]. 
Figures 5 and 6 show the current line with the development of the jet in the counter flow at different times for the 
cases of a=25, g=0.2 and when a=10, g=0.2 (large jet straitness). 
With the results shown in Figures 3-6, we can approximately determine the long range jet for the considered 
parameters. 
Dimensionless value at range, referred to the half-width of the gap, which implies jet for calculations using the 
LES model gives the following results. 
For a=10: L=71 (when g=0.1); L=40-50 (when g=0.2); L=16 (when g=0.4); L=1-2 (when g=0.6). 
For a=25: L=80-90 (when g=0.2); L=41-43 (when g=0.4); L=23-26 (when g=0.6). 
For comparison, in the experiments of [3] for the case of a=50 and g=0.32 was obtained that the maximum range 
is approximately equal to L=70. This is a fairly good agreement with the numerical results for a=25, as the case 
when a=25 and a=50 correspond to a small straitness jet and the results should be close enough. 
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Figure 5. streamlines in the jet development at various time points when a = 25 and g = 0.2 
The main difference of the flow from the usual free-for-jet lies in the fact that in the interaction of the jet with a 
counter flow is formed vertically hanging vortex flow zone, the size of which increase with a increasing and g 
decreasing. Through this air suction zone is carried out at the initial stage jet stream and the loss of the added mass 
of air at the final stage of development of the jet. With the growth of the value of a, i.e. with a decrease of straitness, 
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throw l increases and increases the vertical size of the interaction region of the jet counter flow (area 2 in Figure 1). 
Reducing the quantity g, i.e. relative velocity counter flow also increases the range of jet. 
 
 
 
 
 
 
Figure 6. streamlines in the jet development at various time points a = 10 and g = 0,2 (large jet straitness) 
Analysis of numerical hydrodynamic fields shows that in the field 3, which is located outside the area of 
interaction the jet with stream, for practically the irrotational flow of an ideal fluid. A similar result was obtained 
experimentally in [3]. 
Conclusions: 
823 V.N.Varapaev et al. /  Procedia Engineering  153 ( 2016 )  816 – 823 
x For a fixed value of the parameter a with decreasing parameter g jet long range increases. 
x For a fixed value of the parameter g and increasing the parameter a (i.g. with decrease of straitness jets) long jet 
range increases. 
x The flow in the interaction region of the jet and external flow is a non-stationary nature with the formation of 
vortex structures. 
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